Replicative intermediate (RI), replicative form (RF) and single-stranded (SS) RNA have been isolated from BHK cells infected with a bovine enterovirus by salt precipitation and gel filtration techniques. Kinetic experiments showed that at no time up to I6 h post-infection (p.i.) did the amount of RF exceed that of RI or SS RNA.
INTRODUCTION
Infection of cells with picornaviruses results in the formation of three types of RNA molecules. Firstly, a single-stranded (SS) RNA is the immediate precursor of virion RNA and can also act as messenger RNA. Secondly, the replicative intermediate (RI) is a complex of double and single RNA strands and is probably derived from the replicating complex. Thirdly, the replicative form (RF) is a double-stranded molecule that is generally considered to be a by-product of replication. Although these 'protein-free' RNA structures may not exist in vivo, any model of replication must be able to explain how these specific molecules oo22-I317/79/oooo-3o48 $oz.oo © I979 SGM can arise from their cellular counterparts. In this paper we describe the structural characteristics of purified RI, RF and SS RNA isolated from BHK ceils infected with a bovine enterovirus (BEV) and interpret our results in terms of models for replication of RNA.
Replication of picornaviruses has been in general considered to occur by a linear displacement mechanism involving either a conservative or semi-conservative scheme (for review, see Bishop & Levintow, I97I) . More recently, Thach et al. (1974) provided electron microscopic evidence that the RI of EMC virus contains single-stranded regions at one end as well as nascent growing tails longitudinally dispersed. They proposed that in the in vivo situation the replicating complex is a ribonucleoprotein which is essentially single-stranded, the complementary strands being held together by only short regions of hydrogen bonding at the site of polymerase attachment. This mechanism does not involve the concept of displacement, and deproteinization would result in annealing of the template and nascent strands in a particular direction (i.e. towards the 3' end of the template strand) and hence provide RI structures essentially different from those derived from any mechanism involving a displacement of nascent strands. In contrast, Meyer et al. (I978) and Lundquist & Maizel (1978) have characterized by electron microscopy and biochemical analysis the RNA component of purified poliovirus replication complex and have concluded that this is analogous to the RI RNA, which supports the view that displacement of nascent RNA strands does occur during the synthesis of virus RNA.
In a detailed study of the RF of encephalomyocarditis (EMC) virus Agol et al. (1969) found that thermal denaturation or treatment with DMSO failed to separate completely the complementary strands. Furthermore, Agol et aL (I972) observed in electron micrographs both linear and circular forms of RF and showed by analytical velocity band centrifugation in caesium chloride in the presence of ethidium bromide that EMC RF contained both circular and linear molecules. More recently, Thach et al. (~974) in an electron microscopic study of EMC virus-induced RNA preparations could find no evidence for circular RF molecules. In these studies with BEV RF we have found no evidence for the existence of double-stranded closed circular molecules. However, electrophoresis on high resolution (1"5 %) acrylamide-agarose gels shows the presence of three species with different electrophoretic mobilities, which may be related to the presence of single-stranded tracts of poly(A) on some of the RF molecules.
In earlier reports on the replication of a number of picornaviruses some of the data was consistent with a cyclic model of RNA replication (Brown & Martin, 1965) . In particular, single-stranded molecules with sedimentation rates greater than virion RNA have been detected in cells infected with EMC virus (Montagnier & Sanders, 1963) , foot and mouth disease virus (FMDV; Brown & Martin, I965) and BEV (Clements & Martin, I97I ) . Wild et al. (I968) showed that use of agents such as formaldehyde failed to reduce the apparent heterogeneity in the sedimentation of the virus-induced SS RNA of FMDV and concluded that variation in the length of the strands was more probable than configurational restraints. Clements & Martin 0971) also found that in BEV infected BHK cells a proportion of the SS RNA had a lower electrophoretic mobility on acrylamide-agarose gels than virion RNA. In this study we have concentrated and purified the 'high tool. wt.' RNA and shown that the heterogeneity observed is not due to variation in chain length or configurational differences, but to formation of aggregates between virion sized RNA and shorter RNA fragments.
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METHODS
Cell cultures. Baby hamster kidney cells (BHK2I; Macpherson & Stoker, 1962) were grown as monolayers in 2. 5 1 roller bottles as previously described by Martin et aL (197o) .
Virus strain and growth. Bovine enterovirus (serotype VG-5-27) was obtained from the Veterinary Research Laboratories, Stormont, Belfast (McFerran, 1962 ) . In this study plaque purified virus had undergone seven passages in BHK 2I cells. Stock virus was prepared in roller bottles infected with a multiplicity of I p.f.u./cell. Virus was harvested after 16 h incubation at 37 °C and stored at -70 °C. All virus growth was carried out in Eagle's medium without serum.
For large scale preparation of virus-induced RNA, roller bottles were infected with 5 to IO p.f.u./cell and incubation continued for various periods as described in the Results section.
Isotopic labelling of virus and cells. Monolayers were treated with phosphate-deficient Eagle's medium (Biocult) containing actinomycin D (2 #g/ml) for 2 h and infected at a multiplicity of 5 to IO p.f.u./cell. After an adsorption period of 30 min, 50 ml of phosphatedeficient medium containing 32P-orthophosphate (2o #Ci/ml) and actinomycin D (2 #g/ml) was added and infected cultures incubated at 37 °C until 7 h p.i. or as described in the Results section.
Purification of virion RNA. a~P-labelled virionRNA was prepared exactly as described by Todd & Martin (I975) .
Isolation of RNA from infected cells. In most experiments the cultures were removed from the glass by a rubber policeman at 7 h p.i. and centrifuged at toooog for 3o rain. The pellets were suspended in o.1 M-sodium acetate (pH 5"0 buffer containing o-1% SDS (acetate-SDS buffer) and extracted three times with freshly distilled phenol. The RNA was precipitated by addition of 2 vol. of ethanol at -20 °C. In growth cycle experiments RNA was extracted from infected cultures containing 2o ml medium at hourly intervals by adjustment of the culture medium to 0. 5 % SDS and pH 5"o by the dropwise addition of acetic acid followed by an equal vol. of phenol. RNA was further purified by gel filtration through Sephadex G-25 and treatment with deoxyribonuclease (DNase).
Fractionation of RNA. Six methods of fractionation were used. Selective salt precipitation. Ethanol precipitated RNA was dissolved in 3 ml NTE buffer (o-I M-NaC1, o-oi M-tris, O-OOl ~I-EDTA; pH 7"4) and an equal vol. of 4 M-NaC1 added. The mixture was incubated at 4 °C for I8 h and centrifuged at 2oooog for 3o rain. The supernatant was carefully removed with a Pasteur pipette, mixed with 2 vol. of NTE and the RNA precipitated with ethanol at -io °C. The pellet containing the RNA, insoluble in 2 M-NaCI, was dissolved in I ml acetate-SDS buffer prior to application to a Sepharose 2B column.
Gelfiltration on Sepharose 2B. Samples of RNA (1 ml) were applied to a column of Sepharose 2B (I'5 x 25 cm) equilibrated with o'25 i-NaCl in acetate-SDS buffer (Clements & Martin, 197I ) .
Isopycnic centrifugation. Caesium sulphate was dissolved in o'oi M-tris-HC1 (pH 7.2) containing I ~o formaldehyde to give a final density of I'6O g/ml. Three ml of this solution were mixed with o-i ml of the RNA sample. In some experiments 32P-labelled RF (o.I ml) which had been co-precipitated with IOO #g double-stranded RNA of fungal origin (Planterose et al. 197o) ; kindly supplied by Dr D. N. Planterose (Beecham's Ltd), was mixed withrefractive indices of the fractions eluted from the bottom of the tube were measured using an Abb6 refractometer (Szybalski, i968 ) .
Electrophoresis on polyacrylamide-agarose gels. RNA samples were electrophoresed on z.2~o acrylamide-o-4°/o agarose gels as described by Clements & Martin (I971) . Gels containing I'5 ~ acrylamide were prepared in a similar manner except that the concentration of agarose was 0"5 %.
Sucrose gradient sedimentation. Samples of RNA were fractionated on I5 to 3o o/o sucrose gradients in acetate-SDS buffer which contained a 3 ml cushion of 7o ~o (w/v) sucrose at the bottom of the tube. Tubes were centrifuged at 5oooog for I6 h at 2o °C. In some experiments samples of RNA were dissolved in 5 °/~1 of o.ol M-LiC1, o-0I M-EDTA, o'oi M6-tris-HCl; pH 7"4 (LTE buffer) and 0"5 ml dimethylsulphoxide (DMSO) added. The mixture was incubated at 37 °C for 15 min and layered on to a o to IO~o (w/v) sucrose gradient in LTE buffer containing 99 o/o DMSO. The gradients were centrifuged at 8oooo g for zo h at 2o °C. Fractions collected from the bottom of the tube were diluted to 5 ml with water prior to the precipitation of RNA by an equal vol. of IO % trichloracetic acid (TCA) in the presence of IOO/zg of bovine serum albumin.
Chromatography on poly(U)-Sepharose 4B.
Columns of poly(U)-Sepharose 4B (0"5 x 6 cm) were used to prepare poly(A)-containing RNA as described by Martin & ter Meulen (I976) . Both the poly(A)-and non-poly(A)-containing RNA fractions were pooled separately and filtered through Sephadex G-z5 to remove the formamide and precipitated with ethanol in the presence of BHK cell ribosomal RNA.
Denaturation experiments.
Temperature. Samples of RF RNA containing approx. 3o0o ct/min of 32P-orthophosphate were dissolved in o-] x SSC (o-15 M-NaCI, o'oi5 M-sodium citrate, pH 7"4) and heated at different temperatures for ~5 min intervals. The tubes were cooled rapidly in an ice bath and the ionic strength adjusted to I x SSC by addition of the appropriate vol. of IO× SSC buffer. After incubation with 1o/zg pancreatic RNase for 3o rain the samples were treated with TCA and the radioactivity present in the precipitates determined. Samples of RI dissolved in acetate-SDS were incubated at 7o °C for 5 rain and cooled quickly in an ice bath.
Incubation with dimethylsulphoxide (DMSO)
. 3~P-labelled RF was dissolved in 0"5 mI buffer containing o.5% SDS, o-I M-NaCI, o'ool M-EDTA, o.o[ M-tris-HC1 (pH 7"4) and 5o#g BHK ribosomal RNA added. Three ml of DMSO were added and the mixture incubated at 37 °C for I8 min. The RNA was precipitated by addition of 7 ml ethanol at -zo °C for I h and was collected by centrifugation at 30oo rev/min for IO rain.
Enzyme treatments. Samples of RNA dissolved in NTE buffer were incubated with pancreatic RNase (Worthington Biochemical Corporation, New Jersey, U.S.A.) at a concentration of o.oi to Io/zg/ml for 3o min at 37 °C as required. After incubation the sample was made o.I ~o with respect to SDS and fractionated by get filtration through Sephadex G-zoo. Determination of the 32p radioactivity present in the void and total vol. allowed the percentage RNase resistance to be calculated. RNA samples dissolved in o-I M-sodium acetate (pH 5"0) containing 2-5 mM-MgSO~ were incubated with DNase (electrophoretically purified, RNase-free: Worthington Biochemical Co.) at a concentration of 20 #g/ml for 0"5 h at 37 °C.
Materials. 32P-orthophosphate (sp. radioactivity 6o to I oo Ci/mg) was obtained from the Radiochemical Centre, Arnersham, Buckinghamshire. Actinomycin D and agarose were purchased from Sigma Ltd. Poly(U)-Sepharose 4B, Sephadex G-z5 and G-zoo and Sepharose 2 B were purchased from Pharmacia Ltd.
RESULTS
Electrophoresis of virus-induced RNA on acrylamide-agarose gels
Monolayers of BHK cells were infected with BEV and labelled with 32p from 0"5 h to 7 h p.i. in the presence of actinomycin D. The RNA was extracted and purified by gelfiltration through Sephadex G-25 and analysed by electrophoresis on 2-2 % acrylamideagarose gels after treatment with DNase. Fig. r shows that three species of RNA were labelled, which were not detected in mock-infected cultures. We have called the material at the top of the gel, ' RI', the component migrating to slice numbers 11 to 15, ' RF' and the peak at slice number 29, 'SS' RNA. Relative to ribosomal RNA markers the mol. wt. of the SS RNA was 2.8 × ~o 6, although there was a spread of activity on both sides of the main peak between slices I6 and 5o.
Kinetics of RNA synthesis
The type of experiment described in Fig. I was used to determine the rates of synthesis of the three types of RNA at different times throughout the growth cycle. In each preparation of RNA sufficient numbers of cells were used to permit the detection of ribosomal RNA by scanning the gels at 254 nm. The 32p activity present in each of the virus-specific peaks was determined by summation of the counts in the relevant gel slices and the values adjusted to take account of minor variations in the amount of ribosomal RNA present. These corrections allowed for any differences in the number of cells in the monolayers and possible variations in the efficiency of extraction. Under these conditions of infection the optimum time for isolation of RI and RF was 7 h p.i. (Fig. 2) . At no time, including I6 h p.i., did the amount of RF exceed that of RI as has been reported for other picornaviruses by Noble & Levintow (I97O), Wall & Taylor 097o) and Koliais & Dimmock (I973) .
Purification of RI, RF and SS RNA
Infected cells were labelled with 32P-orthophosphate in the presence of actinomycin D and the RNA extracted at 7 h p.i. Samples of purified RNA were adjusted to z M-NaC1 and the precipitate which formed used as a source of RI and SS RNA. The precipitate was dissolved in acetate-SDS and filtered through Sepharose zB equilibrated with o"z5 M-NaC1. Under these conditions the SS RNA was delayed whereas the RI complexes eluted in the void vol. The RI-containing fractions were pooled, ethanol precipitated and re-filtered through Sepharose 2B at least once more until a sharp peak was eluted. Gel filtration through Sepharose zB was also used to separate the RF component from transfer RNA which remained soluble in the 2 M-NaC1 solution.
Studies with RF RNA
Purified BEV RF was over 99 % resistent to pancreatic RNase (I/tg/ml). On I5 to 3o % sucrose gradients it sedimented at 2oS relative to ribosomal RNA and banded at a density of ~.63 g/ml in Cs~SO 4 equilibrium density gradients. Under similar conditions virion RNA banded at a density of 1-68 g/ml. These properties and its solubility in 2 M-NaC1, as used in the purification scheme, are characteristic of double-stranded RNA molecules.
Electrophoresis of RF on acrylamide-agarose gels
As already mentioned, RF migrated as a sharp peak during electrophoresis on z.z % gels (Fig. I) . However, electrophoresis on r.5 % gels gave a main peak which had shoulders of slower and faster migrating components (Fig. 3 a) . This profile was not altered by treatment with DNase (2o/zg/ml) and RNase (I/zg/ml) indicating that the differences observed were not caused by contaminating DNA or sensitive single-stranded RNA. 
Denaturation of RF
Samples of 3~P-labelled RF were heated at various temperatures for I5 min and then treated with RNase (~o/~g) and the RNase-resistant z2P-activity determined as described above. The RF became sensitive to RNase after heating at approx. 8o °C, although about 20 % of the RF RNA remained resistant to RNase even after heating at Ioo °C for r5 min. These results suggest that a portion of the RF molecules contain certain secondary structural features which do not permit complete strand separation by thermal denaturation and which allow them to reanneal rapidly.
In further experiments samples of 32P-labelled RF were incubated at 37 °C in 85 % DMSO and the resultant denatured RNA precipitated with ethanol at -2o °C. During electrophoresis on I'5 % polyacrylamide-agarose gels most of the RNA migrated to a position corresponding to untreated RF, although the characteristic profile had been lost (Fig. 4) . A peak of RNA with a tool. wt. of z.8 x ~o 6 was detected, probably corresponding to the single-stranded RNA component strands. Similar results were obtained for poliovirus RF denatured with DMSO by Bishop & Levintow (197x) sedimented to a position corresponding to that of virion RNA which had been sedimented on a similar gradient. There was no evidence for strands with faster sedimentation nor was there any undenatured RF present. From these experiments we conclude that the tendency for RF to be partially resistant to denaturation is due to efficient reannealing in aqueous environments rather than by virtue of any secondary structure involving covalently closed circles or cross linkage as proposed by Agol et al. 0969) for denaturation resistant EMC virus RF.
Effect of ethidium bromide on the buoyant density of RF in Cs2S04 gradients
In these experiments, double-stranded RNA (of fungal origin), had to be used as a carrier in order to avoid the precipitation of single-stranded RNA in Cs2SO4. In the presence of ethidium bromide the buoyant density of RF was reduced from I'62 g/ml to 1-49 g/ml. In the eight samples examined, no significant radioactivity was detected at higher densities where closed circular, double-stranded RNA molecules would be expected. We conclude that closed circular, double-stranded molecules were not present in the RF molecules extracted from BEV infected cells in contrast, to the report by Agol et al. 0972) for the RF of EMC virus. 
The poly(d) content of RF RNA 32p-labelled RF RNA was filtered through poly(U)-Sepharose 4 B as described by Martin & ter Meulen 0976)
. In ten separate samples from three different preparations approx. I x % of the activity was immobilized on the column and was eluted with the 9o % formamide buffer. The poly(A)-containing RF components were analysed by electrophoresis on 1.5% acrylamide-agarose gels. Fig. 5 shows that the poly(A)-containing component migrated as a single sharp peak corresponding in mobility to only one of the three species of RF. In a control experiment RF was maintained for 4 h in 9o % formamide, the time required for the complete processing, filtered through Sephadex 0-25 and analysed by electrophoresis. Results showed that the profile was not altered by the conditions used to elute the poly(A)-containing fraction. Furthermore, treatment of RF with RNase decreased the affinity to poly(U)-Sepharose 4B by about 5o %. We interpret these results as indicating that preparations of BEV RF contain a small proportion of molecules which possess regions of single-stranded RNA containing poly(A) tracts, some of which contain nucleotide bonds that are susceptible to pancreatic RNase, but are sufficiently short to ensure that the RF remains soluble in 2 M-NaCI.
Studies with RI RNA
During electrophoresis on 2"2% or 1-5% acrylamide gels approx. 25% or 55% of purified RI RNA respectively migrated into the gel with mobilities similar to that of RF. This fraction could not be removed from RI preparations despite repeated 2 M-NaCI and Sepharose 2B fractionations. In this paper we have considered that this component is an integral part of the RI population.
Using CszSO4 equilibrium density centrifugation in the presence of i % (v/v) formaldehyde RI banded at a peak density of 1.65 g/ml but also showed a heterogeneous shoulder with densities approaching 1-68 g/ml. This value is intermediate between the densities of single-stranded virion RNA (I.68 g/ml) and double-stranded RF RNA (I'63 g/ml).
On 15 to 3o% sucrose gradients over 7o% sucrose cushions 32P-labelled RI sedimented heterogeneously with sedimentation coefficients in the range 18S to 45S relative to ribosomal RNA markers. RI was recovered from three different regions of the gradient A (I6 to 26S), B (29 to 45S) and C (the sucrose cushion > 45S) by pooling the appropriate fractions followed by ethanol precipitation in the presence of ribosomal RNA. RNase treatment (o.I #g/ml) and filtration through Sephadex G-zoo showed that RI in regions A, B and C contained 67%, 32% and I9% RNase-resistant RNA. The percentage RNase resistance therefore decreased with sedimentation rate. These properties of RI are consistent with the view that RI comprises of molecules containing differing degrees of single and doublestranded RNA character.
RNase-resistant RI
Purified samples of RI were incubated in duplicate with different concentrations of RNase and the percentage RNase-resistance determined after gel filtration through Sephadex G-2oo. The percentage RNase resistance did not vary greatly (27 to 3 t %) over the range of RNase concentrations (o.oI to ~o/zg/ml) used. In seven other preparations examined at various times during this investigation, individual samples varied between 25 % and 39 % resistance. RI resistant to O.l/zg/ml RNase was purified by gel-filtration through Sepharose G-2oo. RNase-resistant RI banded in Cs2SO4 at a density of I'63 g/ml and sedimented homogeneously on r5 to 3o% sucrose gradients with a sedimentation coefficient of ~9S. These values were similar to those recorded for double-stranded RF RNA.
Electrophoresis on I'5% acrylamide-agarose gels (Fig. 3b) shows that the RNaseresistant RI RNA migrated to a position similar to that of RF RNA electrophoresed under the same conditions (Fig. 3a) . However, the RNase-resistant RI coincided with the major component of the RF and there was also a significant spread of activity with faster mobility than any of the RF molecules.
Denaturation of R! and RNase-resistant RI RNA
In order to determine the size relationships of the complementary strands comprising the RI and RNase-resistant RI structures, samples were denatured with DMSO and analysed on sucrose gradients containing 99 % DMSO. RNA from purified virus was treated in a similar manner. The denatured RI sedimented heterogeneously but none of the molecules sedimented beyond the position reached by virion RNA; approx. 2o% of the RNA sedimerited at the position of virion RNA. Preparations of RNase-resistant RI were also denatured by DMSO and the results of sedimentation showed that approx. 35 % of the RNA sedimented at rates similar to that of virion RNA. These results indicated that the RI RNA contained a substantial amount of single strands of smaller size than virion RNA and further-more that RNase treatment did not fragment the intact template strands, but only the singlestranded tails. They also demonstrate that RI did not contain strands longer than virion RNA.
Thermal stability of RI RNA
Baltimore (I969) showed that incubation of poliovirus RI RNA at 65 to 7o °C resulted in the release of many of the nascent growing strands from the RI complex leaving a doublestranded core. BEV R! was heated at 7o °C for 5 rain and examined by electrophoresis on 1.5 % acylamide-agarose gels. This 'heat' treatment dissociated the RI into two main components. Firstly, a heat-resistant core, which has similar mobility to double-stranded RF, and secondly, a heterogeneous spread of material with mobilities corresponding to mol. wt. in the range 2.8 × lo 6 to o'3 × to 6 relative to BHK ribosomal RNA. In a further experiment, the heat-resistant RI core, which was 8o% resistant to RNase, was separated from the released single strands by gel filtration through Sepharose 2B and the two components precipitated with ethanol and subsequently used in the study of poly(A) content. In this experiment the heat-resistant RI core accounted for approx. 50 % of the total RI material.
Detection of poly(A) tracts in RI RNA
In preliminary experiments, total RI samples were passed through columns of poly(U)-Sepharose 4B and it was found that approx. 3o% of the RI was bound to the column. However, electrophoresis of the bound and non-bound fractions showed that the RI had been disrupted by the 9 ° % formamide of the elution buffer in a manner similar to that described by Baltimore (1969) for heat treatment.
The nascent strands released from RI by incubation at 7o °C were found to have very small binding capacity to poly(U)-Sepharose 4 B. Samples were fractionated on sucrose gradients and found to be heterogeneous in size ranging from 4S to 35S (Fig. 6) . Fractions comprising adjacent regions of the gradient (A to E) were pooled, diluted with 3 vol. of poly(U)-Sepharose 4 B binding buffer and fractionated using poly(U)-Sepharose 4 B. The binding capacity of duplicate RNA samples from each region of the gradient was determined as A, o %; B, o % C, o % D, 5 % and E, 34 %. These results showed that it was mainly RNA with greatest sedimentation coefficients (3o to 35S) which contained sufficient tracts of poly(A) to cause immobilization on poly (U)-Sepharose 4 B.
Studies with SS RNA
Purified virus-induced SS RNA was xoo % sensitive to pancreatic RNase (1 #g/ml) and banded at a density of 1.68 g/ml in Cs2SO4 equilibrium density gradients and therefore resembled single-stranded virion RNA. The SS RNA was analysed by electrophoresis on 2.2 % acrylamide-agarose gels and shown to consist of three distinct regions (Fig. I) corresponding to mol. wt. of 6-o to 3"o × lO 6, 2.8 × lO 6 and 1-7 × ~o 6. Both the faster and slower migrating fractions were minor components. In contrast RNA from purified virus particles contained only a sharp peak at tool. wt. 2.8 × IO 6 (Todd & Martin, 1975 )-The apparently ' high' mol. wt. RNA (6-o to 3"o × lO 6 which represented approx. 5 % of the total SS RNA fraction, was concentrated by gel filtration through Sepharose 2B in the presence of o.25 MNaC1. Rapidly eluted RNA was precipitated with BHK ribosomal RNA by ethanol, and sedimented on 15 to 3o% sucrose gradients in acetate-SDS. The profiles showed that this fraction was greatly enriched in material that sedimented at rates greater than the 35S value recorded for virion RNA. 2.8 × io 8 in this sample. This single-stranded 'high mol. wt.' RNA was analysed on o to xo% sucrose gradients containing 99% DMSO. Fig. 7(b) shows that none of the slowly migrating RNA, observed during electrophoresis, sedimented more rapidly than virion RNA. There was 3~p activity present in fractions with similar size to virion RNA but significant activity sedimented less rapidly and was probably associated with molecules of smaller size. These results indicated that the heterogeneity in both sedimentation and electrophoretic mobility in the non-denaturing conditions, previously used by Brown & Martin (I965) and by Clements & Martin (I97I) , were probably the result of aggregation of virion sized RNA with smaller RNA fragments rather than a reflection of variation in chain length or configurational differences.
DISCUSSION
In this paper we have described the characteristics of replicative intermediate (RI), replicative form (RF) and single-stranded (SS) RNA which can be isolated from BHK cells infected with a bovine enterovirus. By a combination of precipitation of single-stranded RNA containing complexes with z M-NaC1 and fractionation of single-and double-stranded molecules by gel filtration through Sepharose 2B it has been possible to purify the three main RNA components induced during virus infection.
Our experiments indicated that the RI component was a complex of single-and doublestranded RNA regions and was heterogeneous with regard to size and susceptibility to RNase. Denaturation on sucrose gradients containing DMSO of RI and RNase-resistant RI showed that approx. 20 % and 35 % respectively of the released single strands retained a molecular size similar to that of virion RNA as well as a range of smaller fragments. This supports the view that during replication a semi-conservative mechanism is operative in which the nascent strands are transcribed from a single-stranded template. If, on the other hand, a conservative mechanism was operative the RNase-resistant RI would contain strands predominantly of virion RNA size. A further important feature of these results was the observed heterogeneity in mobility of the RNase-resistant RI on 1.5 % acrylamideagarose gels. Although a portion of this RNA had a similar mobility to RF (Fig. 3 ) the remainder showed a spread of faster migrating components. This could be due to partial degradation of the double-stranded core by internal cleavages of the intact template strands or it could be the result of degradation of single-stranded terminal regions resulting in shorter double-strand fragments. The occurrence of internal cleavages of the template RNA strand is thought to be unlikely, since extensive exposure to RNase did not decrease the amount of virion sized RNA present in the DMSO denatured RNase-resistant RI structures. On the other hand, the latter possibility would be consistent with the proposals of Thach et al. (I974) regarding the single-stranded template model. In this model the native replicative complex on deproteinization would collapse to RI structures, many of which contain a single-stranded region at the 5' end of the template. In the semi-conservative model involving displacement, single-stranded regions at the 5' ends are not present. However, Meyer et al. (I978) have pointed out that double-stranded molecules with singlestranded tails represent only a minor fraction of all replicating molecules and they may result from the initial conversion of single-stranded RNA into the double stranded form.
We have looked critically at the possibility that a cyclic mechanism may be involved in BEV replication but in none of our experiments with RI, RF and SS RNA using fully denaturing conditions have single-strands been detected which had a greater mol. wt. than virion RNA, as would be expected if a rolling circle type of structure was involved as suggested by Brown & Martin (I965) . These results suggest that the heterogeneity in both sedimentation and electrophoretic mobility of SS RNA in the non-denaturing conditions were probably the result of aggregates of RNA rather than a variation in strand length. Furthermore, no circular double-stranded structures could be detected by Cs2SO4 isopycnic centrifugation in the presence of ethidium bromide as was found by Agol et al. (t969) for EMC virus RF RNA.
However, our results showed that the RF molecular population was heterogeneous in its electrophoretic mobility. It is possible that the heterogeneity involves double-stranded molecules in different configurations or molecules which possess pancreatic RNase-resistant single-stranded RNA tails. The heterogeneous nature of RF is further illustrated by the finding that only I I Yo of RF was immobilized on poly(U)-Sepharose 4B. In contrast to total RF the poly(A)-containing RF migrated as a sharp peak during electrophoresis on I'5 Yo acrylamide-agarose gels. On the other hand it was not possible to fractionate and analyse the poly(A)-containing RI molecules using poly(U)-Sepharose 4B affinity chromatography since the presence of 9o % formamide in the elution buffer caused disruption of hydrogen bonding within the RI complex to give largely double-stranded cores and a population of single strands, which presumably represented the nascent strands attached to the template. Our results suggested that only the largest growing strands of virion RNA size contained poly(A). If, as is generally accepted, RNA replication is carried out in the 5'--->3' direction it is likely that the poly(A) tract is located at the 3' end of the newly formed single strand. This finding would be in agreement with those made for other picornaviruses including poliovirus (Yogo & Wimmer, I973) . We thank the Science Research Council for funds which helped to support this work and also Miss Carol Lyons for assistance and maintaining cell cultures.
